We described the effects of two East African browses, Acacia brevispica and Sesbania sesban, on nitrogen metabolism of sheep and goats. The A. brevispica had a substantial amount of proanthocyanidins (condensed tannins); S. sesban did not. The browses were fed at three levels in combination with vetch ( Vicia dasycarpa) and teff straw ( Eragrostis abyssinica) . Fecal N, N balance, and plasma urea N (PUN) were estimated with intact animals. Ruminal ammonia (RuA) and VFA concentrations were estimated with ruminally fistulated animals. Urinary N loss, PUN, RuA, and VFA concentrations were higher for S. sesban diets than for A. brevispica diets. Fecal N was highest with diets including A. brevispica due to high levels of fecal neutral-detergent insoluble N. Nitrogen retention was highest for diets including S. sesban. Nitrogen retention was adequate for A. brevispica diets because low urinary N compensated for high fecal N. Four hypotheses describe possible effects of tannins on N metabolism: 1 ) escape of protein from the rumen to the lower tract; 2 ) increased microbial yield; 3 ) increase in N-containing endogenous products; and 4 ) protein made indigestible in tannin-protein complexes. The effect of tannins in A. brevispica on N metabolism can best be described by the formation of indigestible tannin-protein complexes, although increased production of endogenous products is also possible.
Introduction
Mature and senescent herbaceous vegetation in most pastoral systems is low in nitrogen and may not meet rumen microbial requirements, especially in the tropics (Van Soest, 1982) . The nitrogen deficiency can potentially be met by supplemental browse if tannins and other secondary compounds do not substantially compromise nutritive value (Swain, 1979) . Of these, insoluble proanthocyanidins (i.e., condensed tannins) are abundant and have many possible modes of action. Proanthocyanidins precipitate protein (Reed, 1995) and decrease protein and DM digestibility more than other tannin fractions (Hagerman et al., 1992) . We studied the effects of proanthocyanidins on N metabolism of sheep and goats by comparing two East African browse species, which contrasted in amounts of proanthocyanidins, and vetch as supplements to straw.
Four possible effects of proanthocyanidins on protein metabolism in ruminants have been hypothesized: 1 ) escape of protein from the rumen to lower tract digestion (Barry et al., 1986) ; 2 ) increased microbial yield (Horvath, 1981) ; 3 ) increased production of N-containing endogenous products (Robbins et al., 1991) ; and 4 ) protein escaping digestion while bound to tannin-protein complexes (Robbins et al., 1987) . We discuss results in relation to these hypotheses. (Van Soest and Robertson, 1980) . f Acetone-soluble polyphenolics determined by ytterbium precipitate method (Reed et al., 1985) . g NDF-insoluble proanthocyanidins (i.e., condensed tannins) determined with the butanol-HCl method (Reed et al., 1982) 
Materials and Methods

Feeds
Acacia brevispica grows abundantly in the rangelands of southern Ethiopia and elsewhere in East Africa and is consumed by sheep, goats, and camels during all seasons (Woodward and Coppock, 1995) . Sesbania sesban also grows in East Africa, where it is used for shade in coffee plantations and for alley cropping with cereals. Vetch hay ( Vicia dasycarpa; leaves and stems) is a relatively high-quality legume that grows well in Ethiopia. The two browses and vetch were fed in combination with teff straw ( Eragrostis abyssinica) , the crop residue of the staple cereal of Ethiopia. The S. sesban, vetch, and teff were grown near Debre Zeit, Ethiopia. The S. sesban leaves were harvested by removing branches, then beating air-dried branches with sticks. The A. brevispica was harvested by hand in southern Ethiopia by plucking individual leaves from branches that had been cut and air-dried.
Both browses had high levels of N, and A. brevispica also included insoluble proanthocyanidins (Table 1) . The S. sesban had the lowest fiber content, as measured by ADF, NDF, and lignin, and the highest in vitro digestibility. The high lignin content of A. brevispica resulted in low in vitro digestibility, and also represented the presence of insoluble proanthocyanidins with polyphenolic structures that caused them to be measured as lignin. Teff straw had lower N and higher fiber content than the other feeds.
Animals
Experimental animals were Somali black-face breed wether sheep (20.9 ± 2.1 kg) and mixed breed wether goats (21.5 ± 1.2 kg) obtained in southern Ethiopia at approximately 2 yr of age. Sheep and goats gained 32.9 g/d and 27.0 g/d, respectively, during the trial. All animals were treated with anthelmintics, and some received antibiotics when need was determined by a veterinarian. They were housed in individual stalls or metabolism crates, fed teff and vetch, and given 3 mo of acclimatization.
A veterinarian created fistulas in animals needed to provide rumen samples several months before the trial began. Surgery was according to the bar technique (Johnson, 1966) so that animals were given liberal doses of subcutaneous local anesthetic, then a fold of rumen was pulled through a 4.5-cm-long incision and clamped between bars. By the time the rumen fold tissue died, the rumen had healed to the body wall, leaving a fistula. A locally made, lightweight cannula was inserted. Enough leakage occurred that we did not consider these animals suitable for determining N balance.
Experimental Design
We conducted this feeding trial at the Debre Zeit research station (1,800 m elevation) of the International Livestock Centre for Africa (ILCA), Ethiopia during December to April (i.e., dry season). Seven isonitrogenous browse diets were developed (Table 2 ; Woodward and Reed, 1995) . The control ( V 3 ) was based on 265 g DM of vetch, which meets the CP requirement for 50 g/d growth (Agriculture Research Council, 1980) . One-third, two-thirds, or all of the vetch was replaced with A. brevispica (B1V2, B2V1, B3) or S. sesban (S1V2, S2V1, S3) at levels to provide the same nitrogen as the other six diets. Animals had ad libitum access to teff straw. The diets were fed in two 7 × 7 Latin squares to intact sheep or goats to estimate blood, urine, and fecal variables. Animals were assigned randomly to rows of the square; diets were assigned randomly to treatment designations. Each period lasted 18 d: 7-d adaptation, 10-d fecal and urine collection, 1-d blood sampling periods.
In addition, ruminally fistulated animals were used to measure VFA and ruminal ammonia ( RuA) concentrations. We obtained rumen fluid samples from four animals of each species on all seven diets in an incomplete Latin square design. Ruminal ammonia was determined for all diets; VFA were determined for B3, S3, and V3. Each period consisted of 11 d for adaptation and 1 d for sampling. A longer adaptation period was allowed for fistulated than for intact animals because diet changes at shorter intervals seemed to reduce intake. Feed was presented at 0700 and orts removed at 1900. Teff straw was available for ad libitum consumption after the experimental diet was consumed or removed; water and salt were always available. Intake of browse and teff straw varied with diet (Table 2) .
Analytical Methods
Feed and Fecal Fractions. Feed and refusals were saved as bulk samples for each animal. Feces were collected in a metal trough beneath the crate, removed, weighed, and added to bulk sample every 12 h as suggested by Mason (1980) .
Samples of feeds and refusals were ground to pass a 1-mm screen using a Wiley mill. Frozen fecal samples were ground with mortar and pestle. All nitrogen determinations were made using a Tecator automated Kjeldahl system with Na 2 SO 4 and CuSO 4 as catalysts and collecting the distillate in a boric acid solution. Neutral-detergent fiber, ADF, acid-detergent lignin (72% H 2 SO 4 ; vol/vol), and ash of feed and feces were estimated independently using the methods of Van Soest and Robertson (1980) using .5-g samples and omitting sodium sulfite and decalin in the NDF procedure. In vitro digestibility of feed was estimated using the NDF residue after a 48-h incubation with cow rumen fluid (Van Soest and Robertson, 1980) . True digestibility of diets was estimated by using neutral-detergent solubles to represent microbial and endogenous material in feces (Mason and Frederickson, 1979) . Metabolic fecal nitrogen ( MF-N) was estimated as total fecal N minus fecal NDF-N. Acetone-soluble polyphenolics (i.e., total polyphenols) in feed were determined by precipitation with trivalent ytterbium (Reed et al., 1985) . Neutral-detergent insoluble proanthocyanidins (i.e., condensed tannins) were determined by heating 5-mg NDF samples at 95°C for 1 h in 5 mL of n-butanol containing 5% (vol/ vol) concentrated HCl then reading absorbance at 550 nm (Reed et al., 1982) . Results were expressed as absorbance per gram of NDF.
Volatile Fatty Acids and Ruminal Ammonia. Rumen fluid samples (20 mL) were taken 3, 6, 12, and 24 h after feeding from the ventral sac of the rumen using a syringe with enlarged opening. The fluid was strained, preserved with several drops of sulfuric acid (98%; vol/vol), and refrigerated.
Samples for VFA determination were prepared by letting 5 mL of strained rumen fluid stand for 30 min with 1 mL of 25% (vol/vol) metaphosphoric acid. After centrifuging at 2,000 rpm for 10 min, a sample of supernatant was taken for chromatography. Volatile fatty acid concentration was determined using a Pye Unicam Series 304 gas chromatograph having a glass column packed with 10% SP-1200 plus 1% H 3 PO 4 on 80/100 mesh chromosorb WAW (Sigma Chemical, St. Louis, MO). Injector, column, and detector temperatures were 170, 125, and 190°C, respectively (Anonymous, 1975) .
Ruminal ammonia was determined using the automated Kjeldahl system described above. Rumen fluid samples (10 mL) were distilled without prior digestion.
Plasma Urea Nitrogen. Blood samples ( 3 to 5 mL) were taken from the jugular vein 3, 6, 12, and 24 h after feeding using citrate as an anticoagulant. Samples were centrifuged immediately after sampling was complete, then plasma was recovered and frozen. Plasma urea N ( PUN) was determined with a colorimetric assay based on the detection of ammonium ions produced by urease (Boehringer Mannheim Diagnostica; Fawcett and Scott, 1960) .
Statistical Methods
Data from the Latin squares for sheep and goats with intact rumens were combined in one ANOVA. The model included effects of species, animal within species, period within species, diet, and the interaction of species with diet. There were five missing values involving two goats and three diets. Because missing values were interdependent, they could not be credibly estimated. Analyses were conducted using the GLM procedures of SAS (SAS, 1988) , which accommodates missing values. Diet sums of squares were partitioned into six contrasts: vetch vs browses (V3 vs B3, S3), contrast between browses (B3, B2V1, B1V2 vs S3, S2V1, S1V2), and the linear and quadratic effects due to diets including A. brevispica or S. sesban.
Ruminal ammonia, collected using ruminally fistulated animals in an incomplete Latin square and averaged across four sampling times, were analyzed with GLM procedures (SAS, 1988) to evaluate the main effects of animal species, animal within species, and diet, and the interaction between species and diet. Four missing values were estimated by iteratively applying a formula (DeLury, 1946) . The contrasts among diet means described for animals with intact rumens were also evaluated. The same analysis was conducted for VFA data except that only three diets (V3, B3, S3) were considered and two missing values were estimated.
When data are presented in tables, the columns are arranged with V3 in the middle and diets with increasing A. brevispica or S. sesban to the left and right, respectively. A significant diet × species interaction ( P < .05) was never detected, hence diet contrasts are not reported by species.
Results
Excretion and Retention of Nitrogen. Browse diets
were designed to be isonitrogenous, but incomplete intake of some diets and inconsistent intake of teff caused total diets to vary in N content (Table 2) . Sheep refusals were associated with A. brevispica, possibly due to the unpalatability of insoluble proanthocyanidins; goats rejected A. brevispica and vetch, possibly in response to fiber (Table 1) . Highest teff intake (Table 2 ) occurred in association with diets including S. sesban, and lowest teff intake was with V3 for both animal species. The high fiber content of vetch probably had a substitution effect on teff intake.
Consequently, diet V3 had 3.6 g and 1.6 g less nitrogen than S3 and B3, respectively; diets with A. brevispica averaged .8 g less N than diets with S. sesban. Within diets including A. brevispica, N varied by .8 g; diets including S. sesban varied by 2.4 g N. Therefore the contrast comparing vetch with browses and the linear and quadratic effects of S. sesban reflect both N content and physiological response. To aid interpretation, results are presented as a percentage of intake N (Table 3) , although this does not correct for the effect of total N intake to alter N partitioning even as a proportion of dietary N.
Nitrogen retention differed with animal species ( P < .022), and showed a linear effect due to S. sesban ( P < .008) and quadratic effect due to A. brevispica ( P < .04). Urinary N was higher for diets with S. sesban ( P < .001) but without a linear effect ( P < .05). Fecal N was lower with S. sesban diets ( P < .001) with a linear effect ( P < .004) due to a linear decrease in fecal NDF-N ( P < .05) and MF-N ( P = .02). Absence of a linear effect of A. brevispica on total fecal N ( P < .05) was due to decreasing MF-N ( P = .003) and increasing fecal NDF-N ( P < .001) with increasing A. brevispica. Metabolic fecal N reflected vetch content of diets rather than browse content. Diet V3 was associated with high urinary N and fecal N loss, including high MF-N loss, resulting in low N retention.
Several variables were significantly different between species. Higher values for sheep than for goats resulted in a species effect for N intake ( P < .001) and total fecal N ( P = .001). Greater fecal N for sheep was explained by greater MF-N ( P = .001). Retained N was higher overall for goats than for sheep ( P < .022). A physiological difference between sheep and goats may be evidenced by a much higher correlation between PUN and urine N for sheep ( r = .73) than for goats ( r = .19; Figure 1 ).
Rumen Ammonia and Plasma Urea Nitrogen.
The contrast between diets including A. brevispica vs S. sesban was significant for ruminal ammonia ( P < .001) and PUN ( P < .002; Table 4), with higher values for S. sesban diets. The contrast evaluating the linear effect of A. brevispica was significant ( P < .004) for RuA. The contrasts comparing RuA and PUN Table 3 . Partitioning of nitrogen intake between excretion and retention a Items expressed as percentage of intake N for goats ( G ) and sheep ( S ) when species effect was significant ( P < .05) or goats and sheep together ( G & S).
b Diets were B3 = A. brevispica, B2V1 and B1V2 = A. brevispica and vetch, V3 = vetch, S1V2 and S2V1 = S. sesban and vetch, S3 = S. sesban, fed with teff straw. c n = 14 for G & S, or 7 sheep and 7 goats. d Significant contrasts ( P < .05) were 1 = vetch (V3) vs browse (B3, S3), 2 = diets including A. brevispica (B3, B2V1, B1V2) vs diets including S. sesban (S3, S2V1, S1V2), 3 = linear response for diets including A. brevispica, 4 = quadratic response for diets including A. brevispica, and 5 = linear response for diets including S. sesban. Significant diet × species interactions ( P < .05) were not observed, hence diet contrasts are not reported by species. Table 4 . Ruminal ammonia (RuA) and plasma urea nitrogen (PUN) concentrations a Diets were B3 = A. brevispica, B2V1 and B1V2 = A. brevispica and vetch, V3 = vetch, S1V2 and S2V1 = S. sesban and vetch, S3 = S. sesban, fed with teff straw.
b n = 8 ( 4 sheep, 4 goats) for RuA; n = 7 for PUN. c Significant contrasts ( P < .05) were 2 = diets including A. brevispica (B3, B2V1, B1V2) vs diets including S. sesban (S3, S2V1, S1V2) (S3) and 3 = linear response for diets including A. brevispica. produced by V3 vs B3 and S3 were not significant ( P > .05). The diurnal pattern of RuA production ( Figure 2 ) showed high levels early and late in the feeding cycle for diets including S. sesban, whereas diets including A. brevispica were nearly constant. Diurnal variation in RuA as indicated by the range of maximum and minimum values was greatest for S3 (20.5 mg/dL) and least for B3 (3.4 mg/dL).
The diurnal pattern of PUN (Figure 3 ) showed an early peak for animals consuming diets with S. sesban then declined and did not match the increase seen in RuA at 24 h. Plasma urea N was nearly constant for animals consuming diets with A. brevispica.
Volatile Fatty Acids. Total VFA concentration averaged over four sampling times for diets B3, V3, and S3 (Table 5 ) reflect the relative digestibilities of feeds. The contrast comparing the browses was significant ( P < .001), but the contrast between vetch and the two browses was not ( P > .05). All diets showed VFA concentrations equal to or greater than values obtained with conventional feeds (Leng, 1970) and other browses (Rohan-Jones et al., 1972) . The VFA concentrations of sheep and goats were not different ( P > .05).
Contrasts between molar proportions of fatty acids produced by diets B3 and S3 were significant for all fatty acids (Table 5) . Diet S3 produced a lower proportion of acetic acid and higher proportions of propionic acid and branched-chain acids than did B3. The contrast between V3 and the browses was significant for acetic and butyric acids. Figure 1 . Contrast between sheep and goats for urinary excretion in relation to plasma urea N (PUN) for animals consuming seven diets. The diurnal pattern of VFA production (Figure 4 ) was similar to the pattern of RuA production ( Figure  2) . The early peaks with diets S3 and V3 were produced by fermentation of cell contents, whereas the later peak may represent fermentable components of cell wall. The minimum values for S3 (81 mM) and V3 (79 mM) were greater than the maximum value for B3 (72 mM) . The range of maximum and minimum values of VFA concentrations was greatest for diet S3 (42 mM) , followed by V3 (28 mM) , and lowest for B3 (15 mM) (Figure 4 ).
Discussion
Nitrogen Metabolism
Effects of browses on N metabolism in this study are confounded with effects due to N intake, especially for diets including S. sesban. The S. sesban is a highly digestible, nutritionally uniform N source when proanthocyanidin content is low (Wiegand et al., 1995) , and diets varied by 2.4 g N. Therefore, differences within diets including S. sesban likely reflect differences in N intake. Diets including A. brevispica differ by .8 g of N at most, so effects of N intake are negligible. The average difference between diets with S. sesban or A. brevispica was .8 g of N, and contrasts were presumed to be due to factors other than intake. Consequently, we assumed that the physiological effects of the browses on N metabolism is most evident in contrasts within A. brevispica diets, and between diets including A. brevispica vs S. sesban when the difference was at least twice the results within S. sesban diets (Table  6) .
Retained N as a percentage of intake N was not significantly different for animals eating diets with A. brevispica vs S. sesban, but there were differences in the paths of N excretion. Diets with S. sesban produced high urine excretion that cannot be entirely explained by high N intake because higher urinary excretion was seen with V3. The S. sesban also produced rapid rumen fermentation and high PUN concentrations, presumably because absorption of N into blood exceeded incorporation into tissues. Urea was excreted in urine and prevented toxicity because alternative recycling to the rumen may have been prevented by high RuA concentrations. Plasma urea transfer to the rumen may be prevented by ruminal ammonia concentrations greater than 24 mg N/dL in sheep (Kennedy and Milligan, 1980) , a level exceeded only by diets with S. sesban.
Diets with A. brevispica produced a steady fermentation with no diurnal peaks in RuA or PUN, and less excretion of urinary N than S. sesban diets. Instead, higher amounts of fecal N were excreted by animals eating diets with A. brevispica than S. sesban, despite higher N intake with S. sesban. Higher fecal N can be explained by the higher concentration of proanthocyanidins in A. brevispica. The effect of certain levels of dietary proanthocyanidins to reduce urinary N loss more than they increase fecal N loss may explain enhanced animal productivity seen at intermediate levels of dietary proanthocyanidins (Reed et al., 1990; Wiegand et al., 1995) , and the quadratic response of retained N to increasing A. brevispica seen here.
Nitrogen metabolism varied with animal species as well as diet. Sheep had significantly higher PUN and a higher correlation between PUN and urinary N. This could result from an inferior ability of sheep to incorporate PUN into tissue or to recycle it to the digestive tract. Rumen epithelium is more permeable to urea for goats than for sheep (Houpt and Houpt, 1968) , perhaps allowing goats to recycle urea at higher RuA concentrations than sheep.
Rumen Fermentation
Volatile fatty acid concentrations and RuA levels of all diets were adequate to indicate an active rumen fermentation. Levels cannot be compared with an absolute requirement for ammonia to maximize digestion because requirements are determined by substrate availability, fermentation rate, and microbial mass and yield (Hespell and Bryant, 1977; Russell et al., 1983) . Although VFA and RuA production was synchronized, a steady supply of ruminal energy and the proper ratio of N to energy may be more important than synchrony for microbial growth (Henning et al., 1993) . The low and steady production of VFA and RuA seen with diet B3, despite having higher N content than V3, may result from high fiber content or from inhibition of rumen microbes by tannins. Fecal NDF-N, % +4 −6 −1
Branched-chain fatty acids, which can result from deamination of amino acids, had highest concentration with diet S3, followed by V3, and lowest with B3, even though V3 had the lowest N content. These results are consistent with RuA concentration, another measure of deamination, and indicate a lower rate of deamination with diets containing A. brevispica.
Mechanisms Explaining Effects of Tannins on Nitrogen Metabolism
Four possible effects of tannins on N utilization have been hypothesized and documented based on potential interactions between tannins and protein, and possible metabolic responses by animals. First, formation of complexes between hydrolyzable tannins and protein may protect protein from ruminal but not abomasal digestion because their stability can be pHdependent (Barry and Manley, 1984) . Insoluble proanthocyanidins have been considered unsuitable to protect protein because they are not hydrolyzed by acids or enzymes (Zelter et al., 1970) . However, pHdependent complexes have been observed with proanthocyanidins in sainfoin ( Onobrychis viciifolia; Jones and Mangan, 1977) , and possibly Lotus pedunculatus (Barry and Forss, 1983; Barry and Manley, 1984; Barry et al., 1986) , and L. corniculatus (Waghorn et al., 1987) . These authors observed higher N flows to the lower tract than predicted for legumes that do not contain tannins, but higher levels of fecal N are not expected.
Second, tannins may be inactivated by binding with microbial protein. Increased yield of microbial protein can be achieved by an increased recycling of plasma urea, directly or in saliva. Horvath (1981) showed that adding protein to an in vitro system alleviates the depression in cell wall digestibility caused by tannins.
The third hypothesis describes the inactivation of tannins by salivary mucins and proline-rich proteins (Butler et al., 1984; Robbins et al., 1991) . Proline, which is abundant in salivary proteins (Meunzer et al., 1979) , confers a protein structure that binds tightly to tannins (Hagerman and Butler, 1981) . Browsers (e.g., deer) that contend with tanniniferous diets have three to four times more saliva-producing tissue (Hofmann, 1985) and higher salivary N and proline concentrations (Robbins et al., 1987) than grass and roughage feeders.
The second and third hypotheses describe inactivation of tannins by endogenous products. Expected changes in N partitioning include higher fecal N from tannin-protein complexes, lower urinary and plasma N due to increased recycling or production of proteins or mucins, and higher MF-N from the additional endogenous proteins and mucins. Higher MF-N may be difficult to detect because the complex between endogenous product and tannins is not easily soluble in neutral-detergent (Reed et al., 1982; Reed, 1986) .
The fourth hypothesis suggests that tannin-protein complexes do not dissociate in the abomasum, but pass through the lower tract to appear as fecal NDF-N (Osbourn et al., 1971; Robbins et al., 1987) . This causes the same effects on nitrogen metabolism as a feed naturally low in protein: depressed rumen fermentation; low plasma urea; low N retention; and the additional trait of high fecal N.
The formation of indigestible tannin-protein complexes best describes the effects of the tannins in A. brevispica on nitrogen metabolism. However, compensation for tannins by endogenous products cannot be excluded because of the difficulty of measuring metabolic products bound to tannins, and all three effects could have occurred simultaneously. Animals may adapt to diets containing tannins over a longer period than used in this experiment (Reed and Soller, 1987) , so that the model describing the effect of tannins on N metabolism may vary with time.
Implications
Acacia brevispica and Sesbania sesban were beneficial supplemental nitrogen sources for sheep and goats. Sesbania sesban had low fiber and negligible proanthocyanidin contents, enabling rapid fermentation that is characteristic of other quality leguminous feeds (e.g., alfalfa [Medicago sativa]). However, Sesbania sesban could cause a high level of plasma nitrogen that would be excreted before it could be incorporated into tissue. Acacia brevispica contained proanthocyanidins, which reduce the availability of feed nitrogen by forming indigestible tannin-protein complexes. However, animals seemed to compensate for some fecal nitrogen loss by recycling nitrogen from blood to the rumen.
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